Abstract: Copper accumulation and induction of DNA strand breaks were investigated in the brain of Long-Evans Cinnamon (LEC) rats, an animal model for human
Introduction
Human Wilson disease is an autosomal recessive disorder of copper homeostasis characterized by excessive accumulation of copper in the liver, kidney and brain with subsequent progressive hepatic, renal and neuro-cluding insertions, deletions, missense and nonsense mutations, and splicing errors, have been reported for the ATP7B gene in Wilson disease patients [2, 6, 20, 32, 40] . It is thought that copper accumulated in the liver is released from severely damaged hepatocytes into the blood and deposited in other organs, including the kidney and brain [26, 30, 43] . The ATP7B gene is expressed predominantly in the liver and kidney, with minor expression in the brain, lung and placenta [26] . Therefore, copper accumulation and tissue damage in the kidney and brain may be related to mutations of the ATP7B gene in Wilson disease patients.
An inbred strain of the Long-Evans Cinnamon (LEC) rat was established as a mutant strain that spontaneously develops fulminant hepatitis associated with severe jaundice at about 4 months of age [29] . The LEC rat has a deletion mutation of at least 900 bp in the 3'-terminal region of Atp7b, the rat homologue of ATP7B [21, 47] . A defect in the Atp7b gene results in abnormal copper metabolism, which is characterized by hepatic copper accumulation in LEC rats [19] . Increased copper levels [41] and tissue damage [38] have also been shown in LEC rat kidneys. Therefore, LEC rats provide a useful experimental model for Wilson disease [19, 31] . The copper contents in the brains of LEC rats have been reported to be significantly lower than those in the brains of control rats at 4 and 7 weeks of age [27, 37] . Copper contents in some regions of the brain, such as the cerebellum, in LEC rats were found to be slightly (c.a. 1.5 folds) but significantly higher than those in control rats. However, no significant differences were found between copper contents in the cerebral cortex of LEC and control rats at 20 weeks of age [27] . Sugawara et al. [37] reported that the copper contents of the brain regions, including the cerebral cortex of LEC rats were slightly (c.a. 1.2 to 1.5 folds) but significantly higher than those in control rats at 32 weeks of age. Patients with Wilson disease present neurological symptoms such as speech defect, hand tremor and ataxia. It has been reported that Wilson disease causes increased copper deposition in the basal ganglia with resulting cavitary degeneration, gliosis and neuronal loss [44] . It has also been reported that the copper contents in the brains of Wilson disease patients are around 10 folds higher than those in controls and that copper contents in the frontal cortex of the brain of Wilson disease patients are comparable to hepatic copper contents [3] . It remains unclear whether neurological abnormalities due to copper accumulation occur in LEC rats.
It is well known that copper can efficiently produce reactive oxygen species (ROS) and that ROS induce tissue damage [16, 35] . It has been shown that ROS induce several types of DNA damage, such as base alteration and DNA strand breaks [16, 42, 49] . We showed that DNA strand breaks are induced in hepatic and renal cells of LEC rats by copper accumulation [8, 10, 11] . The amounts of 8-hydroxydeoxyguanosine (oh 8 dG) in DNA, a marker of ROS-derived DNA damage, in the liver and kidney of LEC rats were significantly higher than those of control rats at 15 weeks of age, but no significant differences were found between the amounts of oh 8 dG in DNA in the brains of LEC and control rats from 4 to 26 weeks of age [48] . Thus, it is not known whether ROS-derived DNA damage in the LEC rat brain cells is induced by copper.
In the present study, we examined copper accumulation and induction of DNA strand breaks in brain cells of LEC rats by an alkaline single-cell gel electrophoresis assay (comet assay).
Materials and Methods

Rats
Inbred strains of LEC and WKAH/Hkm (WKAH) rats were obtained from Charles River Japan Inc. and the Institute for Animal Experimentation, School of Medicine, Hokkaido University, respectively. LEC rats were bred in our breeding facility. All research protocols were approved by the Animal Research Committee of the School of Veterinary Medicine, Rakuno Gakuen University. The rats were housed at a temperature of 25 ± 2°C and exposed to a daily cycle of 14 h light and 10 h darkness. A solid diet (MF-Food, Oriental Yeast Co. Ltd., Tokyo) and water were provided ad libitum. Fifty male LEC and 30 male WKAH rats were used in the present study. WKAH rats were used as controls.
The brain, liver and kidney were obtained from three to four rats at each week of age as indicated in the results. The tissues were washed repeatedly in cold saline solution, and fresh samples were used for a comet assay. Samples for assays of copper and iron contents were frozen with liquid nitrogen and stored at -80°C until used.
Isolation of single cell preparations from the rat brain
Single cells from the rat brain were prepared as described previously [9] . Briefly, small pieces of the freshly resected cerebrum and cerebellum of rats were incubated with papain (Wako Pure Chemical Indust. Ltd., Osaka, Japan) at 18 µU/ml for 15 min at 37°C, then centrifuged at 1,000 × g for 5 min. The pellets were washed twice with ice-cold homogenizing buffer (75 mM NaCl, 24 mM EDTA, pH 7.0) and resuspended in a small volume of ice-cold homogenizing buffer.
Comet assay
The comet assay was performed basically according to the method of Singh et al. [33] under alkaline conditions with some modifications [8] . The nuclei were classified into four groups based on the length and fluorescence intensity of the comet tail [12] : type 1, no tail (intact nucleus); type 2, comet with short tail (tail length less than head diameter); type 3, comet with tail length longer than the head diameter and with low fluorescence intensity; type 4, comet with tail length longer than the head diameter and with high fluorescence intensity. Types 1-4 were weighted by special factors of 0-3, respectively, and comet scores were calculated as: 0 × n type1 +1 × n type2 +2 × n type3 +3 × n type4 (where n is the number of different comet types per 100 counted cells).
Measurements of copper and iron
The rat tissues were digested with nitric acid and perchloric acid as described previously [8] . Copper contents in the rat liver and kidney and copper and iron contents in the brain were determined using an atomic absorption spectrophotometer (Perkin Elmer AAnalyst 800, Perkin Elmer Life Sciences, Shelton, CT, USA) with an air/acetylene flame and with a graphite furnace, respectively.
Statistical analysis
All data are expressed as means ± standard deviations. Differences between means were analyzed statistically with Student's t-test. Values of P<0.05 and P<0.01 were considered significant.
Results
Copper and iron contents
In the present study, we measured copper and iron contents in the cerebrum, cerebellum and brainstem of rats. No significant changes were observed in the copper contents in the three regions of the brain of WKAH rats from 4 to 26 weeks of age (Fig. 1a) . Although copper contents in the three regions of LEC rat brains were slightly lower than those of the WKAH rat brains from 4 to 12 weeks of age, there were no significant differences between copper contents in the three regions of the brain in WKAH and LEC rats from 4 to 16 weeks of age (Fig. 1a) . Copper contents in the cerebrum, cerebellum and brainstem of LEC rats increased from 20 weeks of age and were significantly higher than those in the brains of WKAH rats from 20 to 26 weeks of age. Copper contents in the brains of LEC rats (8.5-16 ppm) were approximately 3.5 to 6 folds higher than those in the brains of WKAH rats (c.a. 2.5 ppm) at 24 weeks of age. Since it is thought that copper accumulated in the liver is released from severely damaged hepatocytes into the blood and deposited in other organs, including the kidney and brain [26, 30, 43] , we examined the copper contents in the liver and kidney of LEC rats (Fig. 1b) . LEC rats showed high hepatic copper contents at 4 weeks of age (c.a. 120 ppm), compared with WKAH rats [8, 10] . The hepatic copper contents in LEC rats increased from 4 to 12 weeks of age in an age-dependent manner and were c.a. 370 ppm at 12 weeks of age. The hepatic copper contents remained high until 16 weeks of age whence they decreased to 20 weeks of age. The hepatic copper contents increased again from 20 to 22 weeks of age and decreased again at 26 weeks of age. No significant changes were observed in renal copper contents in LEC rats from 4 to 12 weeks of age. Renal copper contents in LEC rats rapidly increased from 14 to 24 weeks of age and were c.a. 400 ppm at 20 weeks of age. These results are essentially in good agreement with our previous results [8, 10, 11] . No significant differences were found between iron contents in the three regions of brains of WKAH and LEC rats from 4 to 26 weeks of age (Fig. 1c) .
DNA damage
In the comet assay, undamaged DNA remains within the core, and broken DNA migrates from the core toward the anode, forming a tail like a comet. Since it is thought that nuclei with longer tails in a comet image contain more breaks in DNA, the nuclei were classified into four groups based on the length and fluorescence intensity of the comet tail (Fig. 2a) . We evaluated DNA damage based on the proportion of each comet type and comet score. There were no significant differences in the proportion of each comet type in cerebrum and cerebellum cells of WKAH rats from 4 to 26 weeks of age (data not shown). The proportions of type 1 nuclei were 70 to 78% in the cerebrum and 67 to 87% in the cerebellum, and type 4 nuclei were not observed from 4 to 26 weeks of age. In the cerebrum and cerebellum cells of LEC rats, no significant differences were found in the proportion of each comet type from 4 to 20 weeks of age. The proportions of type 1 nuclei were 71 to 80% in the cerebrum and 69 to 83% in the cerebellum, and type 4 nuclei were not observed from 4 to 20 weeks of age. The proportion of type 1 nuclei decreased and type 4 nuclei appeared at 24 weeks of age (Fig. 2b) .
In the case of WKAH rats, no significant differences were found in the comet scores (35.8 ± 6.8 for the cerebrum and 33.0 ± 4.6 for the cerebellum, respectively) from 4 to 26 weeks of age. No significant differences were found in the comet scores of cerebrum and cerebellum cells in LEC rats from 4 to 20 weeks of age (38.7 ± 10.3 for the cerebrum and 38.7 ± 9.8 for the cerebellum). Significant increases in comet scores were observed in LEC rats at 24 weeks of age (67.0 ± 11.2 for the cerebrum and 109.1 ± 12.9 for the cerebellum) (Fig. 2c) . The comet scores of LEC rat brain cells were significantly higher than those of WKAH rat brain cells at 24 weeks of age.
Discussion
Maximum hepatic copper contents in LEC rats were observed around 12 weeks of age, and the contents decreased from 16 to 20 weeks of age. These results suggest that copper is released from the liver due to severe hepatic cell injury. Hepatic copper contents increased again from 20 to 22 weeks of age but had decreased again at 26 weeks of age. Since it has been reported that the mitotic index increases in the liver of LEC rats at 17 weeks of age [13] , regeneration of the liver and second copper accumulation in regenerating liver cells may have occurred around 20 weeks of age. Renal copper contents in LEC rats rapidly increased from 14 to 24 weeks of age. These results suggest that the copper released from the liver accumulated in the kidney. In the case of LEC rat brains, copper contents increased from 20 to 24 weeks of age. Therefore, we think that some of the copper released from the liver also accumulated in the brain. However, accumulation of copper in the brain occurred at a late age compared with the age at which copper accumulated in the kidney of LEC rats. Furthermore, the copper contents in the brain were significantly lower than those in the liver and kidney. It remains unclear why the copper accumulation had a late onset and lower copper contents in the brain of LEC rats as compared with the kidney. It has been suggested that copper is not readily taken up and retained by neuronal tissues [18, 25, 45] . Furthermore, it is known that patients with a neurological presentation of Wilson disease are usually older teenagers or adults, although Wilson disease presents with prominent liver disease more commonly in children and adolescents.
Various modified comet assays using different parameters have been developed to evaluate the extent of DNA damage [5, 22, 23] . In the present study, we used the alkaline version of the comet assay, which primarily detects DNA single-strand breaks (SSBs), and also DNA double-strand breaks and the alkaline-labile legion of DNA [22] . The extent of SSBs was evaluated by the comet score and the proportion of each comet type in comet images [12] . The proportions of type 1 nuclei had decreased and type 4 nuclei had appeared in the brain of LEC rats at 24 weeks of age. Significant increases in comet score were observed in comet images of the cerebrum and cerebellum of LEC rats at 24 weeks of age. These results show that SSBs of DNA were produced in the cerebrum and cerebellum cells of LEC rats at 24 weeks of age. Since SSBs of DNA were induced in a substantial population of LEC rat liver and kidney cells at 10 and 12 weeks of age, respectively [8, 10, 11] , production of DNA SSBs in the brain cells occurred at a late age compared with the age at which DNA SSBs were induced in the liver and kidney cells of LEC rats. It has been reported that iron also accumulates in the liver of LEC rats and that hepatic iron may be an additional important factor contributing to liver injury in LEC rats [14, 15] . It is well known that iron as well as copper can efficiently produce ROS. However, since no significant differences were found between iron contents in the three regions of the brain of WKAH and LEC rats from 4 to 26 weeks of age, the production of SSBs in brain cells of LEC rats may be due to accumulation of copper, not iron. Although high concentrations of copper (200-400 ppm) are necessary for production of SSBs in hepatic and renal cells [8, 10, 11] , SSBs in brain cells were produced at low concentrations of copper (8.5-16 ppm) . It is thought that the brain is highly sensitive to ROS because of its high oxygen utilization, high concentration of polyunsaturated fatty acids and low concentrations of cytosolic antioxidants [7] . Therefore, SSBs may be induced by low concentrations of copper in brain cells of LEC rats. Watt and Hooper [45] reported that no increase of copper uptake was observed when human glioma cells and human neuroblastoma cells were exposed to copper, but that a significant increase in radical generation was observed. Copper may be able to produce SSBs by synergising with other cellular agents. Dopamine β-hydroxylase, which catalyzes the synthesis of norepinephrine from dopamine, needs copper as a cofactor [4] . Since it has been reported that copper contents in the brains of LEC rats at 4 weeks of age were lower than those of control rats, it has been suggested that copper deficiency at a young age leads to neurochemical disturbances involved in abnormal catecholamine metabolism [17, 28] .
However, neurological symptoms of Wilson disease patients are improved by treatment with a copper-chelating agent such as trientine and tetrathiomolybdate [36] . Therefore, it is thought that accumulation of copper in the brain causes neurological abnormalities.
The results of this study show that copper accumulated in the brain of LEC rats around 24 weeks of age and that SSBs of DNA in LEC rat brain cells are induced at a lower concentration of copper than are SSBs of DNA in hepatic and renal cells. Our results have important implications for the understanding of brain abnormalities in human Wilson disease.
